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: ADINA - Automatic Dynamic Incremental Nonlinear Analysis Code -
' CAMPACT - Container for Armaments Protection and Transport -'
o K
o DOF - degree(s) of freedom &
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; FE - finite element N
L) -
FEM - finite element method :
I 3
& >
:‘.. H&R - H&R Technical Associates -
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o M55 - 115 mm chemical agent rocket weapon e
A '
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1.0 3ACKGRCUND AND SUMMARY

H&R Technical Associates nas been contracted to assess the risks
associated with the transport of M55 chemical agent munitions. In support of
these studies, 3wRI has aralyzed for HXR various sub-problems in the areas of
thermal cook-off, structural damage, and penetration of these munitions and
their shipping containers. 3Jeparate reports have been issued by SwKI stating
the results of these analyses.

This particular document addresses the impact araiyvses performed on the
rccket packing assembly, hereinafter referred to as the "pallet assembly."
The concern motivating these analyses can be stated as follows. What is the
highest distance from which the pallet can 2e dropped onto an unyieliding
surface without inducing leakage in in the agent cannister? In response %o
this concern, a pallet of M55 rockets, illustrated in Figure 1, was analyzed
to determine if it could be dropped ontc a unyielding surface from 40 feet on
each of its faces (end, side, and bottom faces) and not induce failure of th
agent cannister.

It is articipated that pallet assemblies of M55 munitions will be shipped
in a protective containers named "CAMPACT." On the exterior, CAMPACTs
resemble ordinary 20-foot shipping containers. They are especially
constructed for transporting nazardous materials, however. CAMPACT
construction features include a thick foam inner lining, aluminum honeycomb
and Kevlar sidewalls, and an intericr truss for added strength. The sidewall,
truss, and inrer lining provide a substantial increase in rigidity and
thermal/fire grotection over conventional container ceornstruction. Figure 2
illustrates this container.

[f a loaded CAMPACT container is dropped, the Zzam lining of the CAMFACT
might have an ameliorating effect on the agent cannister response. On the
other hand, the additional mass of pallet assemblies above the agent cannister
of interest might significantly increase the cannister response. To gstablish
in a qualitative manner the effects of the foam lining and pallet interaction,
additional calculations were also performed on a simpie pallet model modified
co reflect the cushioning of the foam inner lining and the added inertia cf
other pallets. (For detailed calculations of the structural response of the
CAMPACT to impact see {1]).

It is important to briefly mention at this point some conditions that
were assumed to make the impact analyses tractable and tne scope of the work
performed. Firstly, it was assumed that the agent cannister was in a new
condition, that is, aging effects such as load history, corrosion, creep and
pallet degradation were not in any way assessed or accounted for. Sscondly,
it was assumed that agent cannisters were not leaking at the time of
transportation. Thirdly, in regards to the scope of this work, these analyseas
quantitatively address only the Impact of tne pallet on 3 unyleiding surface,
separate from any shipping container which might be used %o transport
paliets. Interaction effects nave teen adiressed, in a gualitative way, for
the longitudinal impact case, nowever.

Results of the pallet impact aralyses can oe briefly summarized. I[n the
case of bottom or vertical impacts orto unyielding surtaces from 40 foot
1
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Plywood End Cap Longitudinal Stringer

X (Typical) -/
; \ /

8
b \X

¥, Base Stringer and /’

K RUbbiﬂg Strip \ @ / Wood Crate
[\ h

{ (Typical ‘ length 83 tnches
F P ) 19 ‘g Wiach 30 tnches
: ‘ : Height 28 inches
. (Inciuding skids)

: Weight 1,350

. (f1iled)

Cubsge 41.7 cu fewt

b Wooden Spacer

i (Typical)

)

v

‘ .

v Figure 1. Pallet of M55 Missiles (in Launch Tubes)
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% heights, it was concluded ¢trat failure of <he agent cannister would not

J occur. For end or longitudinal unyielding surface impacts from 40 faet, the
he analyses indicated that strains in the agent cannister exceeded the failure

criteria and leakage of the ag=nt cannister probably would occur.

o Longitudinal impacts onto unyielding surriaces from 30 feet did not cause
i: failure of the agent cannister, nowsver. Aralyses of sice or lateral impacts
N of the pallet onto unyielding surfaces Irom 40 feet showed that cannister
:: failures would probabiy occur. Calculations of the interactions between ‘
5 pallets and the CAMPACT indicated trnat the CAMPACT could have 2 significant

! ameliorating effect on tne pallet response during longitudinal impacts rrom 49
Y foot neights.

o This repor: has been organized to assist the technical reader in .
' understanding the results achieved, and also now they were derived. It
consists of two major parts. The first, or methodology section, describes the
problems solved, zthe detai:s of the finite element models used to generate
strain-time histories in the agent cannister, and general features of <the
nonlinear computational scheme. The second part presents the results,
primarily in the form of strain-time histories for nodes at saveral positions
along the agent cannister. These plots are discussed in light of the failure
criteria adopted and conclusions are then drawn regarding ~eakage of agent.
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e 2.0 ANALYSIS METHODOLOGY
Oy
g z dverview
\:q It Zoes not recuire mucn stretching of the imaginaticon to suspect that
:¢5 IrerplT3 2aslerts rom -d-foot heights onto unyielding surfaces could caus=2
P o - o s . .
S vielding or Talilure or rallet components. Responses of this type hava the
e - - . -~ . , . . L,
. z2reral ~.assiiization of nonlinear respons2. What is meant 2y roniinear
\’- - L
N "25C0nse 15 tnat computad displacements are not linear furctions of the
- iZp.122 L2335, This 15 a mathematically correct, but pnysically an
A ! ’ -
" .tarpea.iing 2x¥plaration,
~
-_'.\ -~ .
s Several prhysica. onenomena ¢an pe identified as causing nonlirnear
-‘ ',
:}Q ra3conse material yl2lding, cnanzes in boundary conditiocns, anrd large
IlsT.al2ments. Material yilelding results in 3 nonlinear relation cetween
. ~aTar.al 3tress and strains: large dispiacements can cause yleldirg also, buc
\}}2 72y frnang2 tne directicns of the applisd loads on the structure as well.
AN Tmanges in ooounlary 2onditions gZensrally occur when the structure makes
:;:. JMTACT ~LTN 2Tn2r SIructures, Jusuasly after some initial displacement. This
T 127007 ©230.T3 14 3 nonlinear respense oecause there is a "step change” in
£ TrloT.ral sTiffness 2
27300323 or the gallet assembly involved all these types of
L.TFariT s .t ~3a3 nearly certain from the outset of this project that
ard iow yi21d points of some pallet compgonents would result

cehavior. Although not so obvious, it also became clear
nts would be induced as well; scme component
one inch. flinally, the structure of the pallet |
ements, some components could make contact with the
efore, charges in boundary corditicons couid also occur.

-2 2omduter program orcposed and used for the pailet impact oroolems was
n A0NA, Tour levels of computational complexity exist: linear

e -

e

<.33%.2, materizily non.inear, total Lagrangian, and updated Lagrargian
73,0513 Zach 2zrputitional .evel 1s more complex because fewer assumptions
122.7 Tne str.ctiral response are made, e.g., small strains.linear materials,
‘a Tiitlazemerts, and constant boundary conditions. 1t appeared at the

sumptions like these could be made in the case of pal.et

.*5 nave Indeed validated this approach. Thus, for :the

Zi..2% lTpact orov-ems. an updazed Lagrangian; the most computationally

»n3ive tecnnigue, was 2mployed to construct solutions. That is, materiails
13s3.med to oehave noniinearly, dispiacements were allowed to become large

in loading directions and boundary conditions were accounted for.

LT %

L}

f
‘4
.
3
[¥Y
1
Ry
D
wn
1

. ©T 735 c2er cZeintad out that one of the features of these impact problems
. wmptions made In more common engineerirg problems could not

. 1T ~as not possible to reduce the computational effort

ruet 30.utions, it was possioie to reduce the problem size.

e 13 «~2re kKept to a reasonable size (less than 250

YR ons; by maxking plausible assumptions abcut pallet behavior
e imzact orientation. These presumptiors abouft pal.et

,i_ “ne general features of the FE models that were
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' First, it was presumed that in 2ach of the various [mpact scenarios. oniy .
ﬁ certain elements of the pa.lsc assembly ~ould e significantly loaded. Thus, )
> the rest of the pailet need rot be explicitly modeled so lorng as its irertiia T
e #“as accounted for. A second presumption made was that the impact response 5
> consisted of rocket bending and cross section crushirg loads (at the rocket ;ﬂ
:- supports) and that these phernomena could be treated separately. Thus, berding 4
N and crushing strains were computed using different FE models ard results were "]
- superposed. -
" -
'\ In consequence of these initial assumptions about the pa..et rssoponse >
‘. 2ehavior, five finite slement models were created to analyze bctiom ‘
ﬁ: (vertical), side (iateral). and end (longitudinal) face impacts. Ysrtical and .
k- lateral impact ana.yses utilized two models each: a 2eam and truss =lement j'
- model of one-quarter of the callet assembly to obtain bending strains, and 1 ¢
: two-dimensional model of the rocket sugpert region to ootain strains in the xe
) agent cannister due to crushing or sjueezirng. The end face or longitudinal Py
':- impact scenario does not invoive any crushing or squeezing of the agent i‘
”, cannister between .atera: sugports so on.y one model was constructed 5
2 :
5 Assumptions abcut pa.l2t rasponse oehavior also guided the selection of -
bl the nonlinear material models ised for pallet components., Where strains were !
! expected to remain in the elastic range linear, elastic models were used. =
,j Where strains mignt exceed ,leLd values, elastic-plastic models were selectad v
r appropriate for the material. Nonlinear material models used in these ¢
S analyses were isotrcpic elastic-plastie, elastic-perfectly plastic, nonlinear 3
> elastic, or orthotropic elastic [3]. For noniinear =lastic-plastic models, a N
LG material elastic modulus, yield strength, and tangen: modulus are speciried; =2
{ isotropic strain hardening is assumed in this materiz. model. Elastic- L
) perfectly plastic models appear to be nearly mathema:zically identical to ::
" elastic-plastic modeis but the tangent modulus is inzit as zero. These modals W
- constituted the principal material representations ir the 3-D analysis. }f
,i- Nonlinear elastic material models were invoked to represent rockest tub= N
L' crushing phenomena and the CAMPACT foam; orthotropic e2lastic mater.a. —nio. 3 "3
. w@ere used to represent the wocod in the rockat, tube 2-D crushing analy: -
N , . . . 2
N In the version of ADINA available at SwRI, there is currently only on- ?.
\§ orthotropic material model active: a linear elastic material model. For tae .
:; 2-D models described below. such a material model was considered acceptable. >
N The 2-D models were us=d to obtain crushing or squeezing stress-strain .
! characteristics of M55 assemtiies resting on lateral supports. Only localized -
:ﬁ plasticity of the wood supporzs was expected in these analyses, hence, a ~
N purely elastic representation of the support was considered to give reasonable g
> results. In the 3-D modeis, on the other hand, large amounts of plasticity .
' “ere expected in the bending of the wood supports. Thus., a linear-elastic 3
> model was not sufficierzly accurate. In this case, isotrcpic material models w1l
! «“ere used. Material properties selected for these "isotropic” wood materials 2
fj “ere the orthotropic parametsrs corresponding to the most heavily loaded g
h: orthotropic axis. For example, in the vertical impact model, where the wooden if
hj lateral supports uncergo berding about axes normal to the grain direction, wd
g grain direction mechanical properties were input as “he "isotropic'" material if
1 modei, as the principal bendirg stresses would occur in the grain dirsction. :
% | B | .
- Because the version of ADINA available at owRI Znes not contain zap w
" 2lements - elements specifical.y desigred to addr 2ontact phenomena - it
W) » W
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~as difficult to adequately idiress tnes2 conditions in the lateral pallst
lmpact prooi=m. A ronlinear =203371c 2.2ment Wwith incr2asing stiffness sas
created for the vertical pa.!=2t groo:2m; and us=d ~ith scme success to
represent contact detween 13Tteral sudLerts arda the zround Jetails are ziien

in Section 2.4,

Scme assumptiorns wer2 aisd made 2cncerning Tailure. Fallure ov excessive
straining was assumed TO OCCLr ~M2n T2 TOotal 3traln 3t any point the agsns
cannister exceedead a precdeternined va.ue. The 3trultural Alloys Hincboox
gives thne ultimarte strain of oun'-TH, n2 cannis:er material, as 3% (4.

While a strain of 3% at failure mign: ed In 3 225 CCuUION, 1T Wil
believed that +% w23 a mor= reialistic ! train or the izsnt

cannister. 7his reﬂuced AL .CW3EAD .2 3Trailn rell2cts LNeertainti2s azeunt the
actual agent cannister strengtn capacity and the Drobacility TnAT 5CMe 3IrSSSs
concentrations 2xist for the cannister whnich are not a2count2d or n <he -2
model

Buckling failure modes wer= considered for end Cace, or lorngizudinal
impacts. Fallure by buckling was Jetermined by comparing tre critical s:iress
for an empty cylindrical shel. ‘having crcss-secctioral dimernsions 2gqua: o zre
agent cannister) with the maximum ouckling stress caused by a longitudinal
impact. Faliure zy bucklirng wzs presume £, during the impact, Loads

exceeded the buckling critical v
conservative. In z22neral, tne 1
full of agent; tne fluid cocu:d s
thereby increase the critical ou

11
Note that trnis approach may be
nriister is considerably more than half
cantly stiffen the agent cann:ster and
re

pe 2w, 2ach of these finite elerment models are discussed
isc.ssions include descriptions or the nonlinear material

es of freedom, special purpose eslements, boundary

4 and the applied initial conditiors. Models are discussed

asing complaxity: longitudinal, lateral and vertica. impact

ans
1
2

n the secti
in detail. These
model, active degzgr
conditions assume
in order of incre
analyses.

2.2 Longitudinal Impact

2.2.° Analyses Performed

End face or longitudinal impacts of pallet assemblies actually involved
analysis of only the M55 rocket sub-assembly. It was assumed for this lecading
scenario that no interaction took place between wooden pallet membars or
fiberglass launching tubes and the rockets. (Calculations in Appendix D show
that this assumption appears to be a valid one). Therefore, the finite
2lement models of the "pal’eP assembly" consisted of a single M"5 rocket,
oriented nose downward, th bourdary corditions almulavLAg a rigid impact
surface. Neither thre compLLance of the plywood end caps (see Figure 1) or the
launching tube end plugs were inciuded irn the longitudinal impact 3na.yses.
This approach is conservative although it was ‘udged that their effect on the
agent cannister response would ne small.

SwRI numerically calcu’atad the nonlirear dynamic response of a single

Sl

rocket impacting unyielding surfaces from heights or 30 and 40 feet and
mated the effects of the CAMPACT structure and its internal paliet
EV ~ment on the safe /not safe drcp height.
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Berore computing the Zyrnamic impact resporse of the M55, the finite
element model was checked. Hano caloulitiors were made of tha rocket welzhnt
and the first longizucdinal ratural rrequency. The estimated rocxet weiznt of
57 lbs. agreed very well w~itn tne numerically computed weight of 37.J01 lbs.
The computed Tirst Longi:udiraL treqqency was 2'0 Hz., C(Closed form solutions,
assuming a urniform Jjistriburzion of mass and stiffness, gave the rirst
longitudinal natural freguency 3s 2°9.4 Hz. These closed for— sciutiors are
contained in Appendix A.

2.2.2 Model Developmen:

To analyze impact on wnyielding surfaces, the irvest gators .523 1 peam
element model of the M55. This model consisted of 28 beam 2l2mernts naving
only one transiational degree of Ireadom (in the rocke:'s axiai Jirection) at
each node. features of tnis mocgel are shown in Figure 3. In gensral, onily
the rocket casing, anc not rccx2t -nternals, was cons:idered In =2stablishing
the model's axial sziffness an 2xception occurred in the warreal region,
where effactive cross secticral croparties were computed that accosunted Jor
the additional stifiress o7 the hurster ﬂab'"g Petails are in Appendix A.
Note that the burstasr's internai 3zeel si2eve and plastic tube were not
considered £o add <o the warneal's axial 3stiffness, primarily because c¢f their
lack of iongizudinal ena-rixity (3]

Since -apered sceam 2lsments are not avaliable in ADINA, tapered sections
of the roc<2t were represented Ity short beam =2.ements, each of uriform cross
section, out increas.rg n area in the direction of ircreasing section
diameter. <Efach =2lemert in a tagered reglon nad outs:ie diameters equal to the
average outer diamezer of the tapered section represented.

To achieve a correct distributicn of mass alorng -he rock2t's lanzth,
effective densities were ccmputad for each element. These =ffective zansities
accounted for rocket casing and internal weights suck as the Tuze mecrnanism,
the chemicali agent, ard the solid fuel. The exact cdensifty of tne cramicai
agent cou.ld not one determirei, so the density of water was 1s22. 3acause the
agent 1ensity wWas unkrown, =<rners may be some 2rror ir the FZ medel's mass
distribution. To=al rocket mass used in the analyses was correct, nowever,

and =2qual2d 57 .zs.

Zach M55 (n =ne pallet 3ssemoly Is inside a fiberglass launcring tute
having closed ends. These - .be =2nd oiugs are Cabricated from aluminum and are
counterscored or millea to 2ccept the rock2t tip or {irs. For the longitudinal
impact analysis, the plug it =re nnse2 of the rocket is of interest. This
fitting, -hree incnes thick, .5 counzerpored for three-quarters of its
thickness 30 as to accept the MS5 fuze assemoly. AS This puts very litcie
materilal between tna rocket ros= ind the impact surface, the end oiug
stiffness was ignorsd in trne cilculation of rocket impact response. ZIhear
loads between the courtearbere in tne plug ani the fuze were not computed.

In addition, a plywood end c¢ap 1t each 2nd of the pallet prevents
longitudinal motion of the rocker :tube assemplies during zransport. Ind caps
are 3.L-inch thick plywood sheets With holes located at =ach launching tuce
end plug. End cap nole diameters are smaller than erd plugs. Again,
compliance of the piywood =2nd cap was ignored, resulzing in a conservaiive
caiculation of the rocke: resporse 2.ring ilongitudiral impact.
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Figure 3 a1so snows the model That 33 d2velicped 7o =23timata the =2rl=2cor
on the rockets In a CAMPACT contairer unierzoing a longz.zudiral impacet.
Resu s obtained from this mocel srould not be considered definitive, tu:
ratner should Indicate wrether lorgzit.ud:inal iwpacts {or rock2Ts inside
CAMPACTs should be more or .ess severe tnan impacts on unyielding surfaces

This model is a simple extersion of the M55 FE mocel iust descrised. st
res2nt

the nose, a noniinear e.astic 2iement has been added %o r=pres the tnic
foam insulation on the CiMPACT door. Al30 at the nose, a l.umped mass has been
added to represent tre pa..et Iomponents behind the modelad M55 roacke:, the
~eight of the pa.l=2t conta:ning the modeled M55 rocker, and The internai truss
and ro.ler assembiy of Ine ¢ccmpact. These weights are added at tne front of
the M55 rocket irather tran tr2 rear’ 50 that their loading 27%c¢t s felt by
the fzam only, and nct Ine rook=T. [T 15 assumed in a CAMPACT longitucdinal
impact, that no pallet inertla _cads pass tnrough the rcc«2ts, out aon.y
througzh otner 2allet memzers ing tnen into the foam. This ass.moticn .S
supported Dy tne CcalCu.ations o7 Aoperndix D,

c.c.3 tinite Elsment Chariactaristics and Material Modals

The M55 casirg is razricazsc Jrom steel and alumirum. ZFrom drawings
orovided to SwRI, reguirad mirimum méchaﬁxca; crorerties and or the cnemical
composition of the casing materials w~ere “ound. From these 2ata, the agernt
cannister (aluminum) was zaker Zo e o061 in cre T6 temper conaitiorn, arnd zhe
rocket casing (st e;) o z2 al31 "230, water-guenched and t=mpered at £UO°F
Fer aluminum or s ) :

2 i

teel Tinirte 2l2ments, 3 dilirear elastic-0:33Ti
model was used. The zarzsnt modu.ll for the steel ar: :the ii.minum were
caiculated nased up Strain 3% failure, rospectively. AS
orevious.iy alscussed, this valie represents one-half > the uniaxial tension
test value for the aluminum. Pertinent material moc-. :nput data are
summarized below.

Tanle 1.

Mecharical ?Properties of AISI 1030 Zte=i
Longizudinali mpact ©E Mede

eropert Ja.ue
Elastic Modu.us, E 0.0 E 6 osi

Poisson's FRa%tio 0.270
field Strergth 2,0 £ 3 DSt
Tangent Modulus, E 1.39 E 5 ps:.

10




Table 2.

Mechanical Proparcies of ZQ€'-76 Aluminum
Longitudira. Impact FZ Model

Propercy

Elastic Modu.us,
Poisson's katlio
Yield Strerztn

Tangent Modu.us,

The truss ela2ment reprasenting a3 portion of the thick foam layesr 2n

CAMPACT door was developed from test data [6]. The lengzh of this alemen
approximately equa:ied the foam layer thickness and its cross sectional ire
a2qualled '/60th of tne door area. (In the CAMPACT, 60 rockets impact the
during a longitudinal impact). The stress-strain characteristic or the feam
is essentially piece-Wwise linear and consists of three pieces The mcdulus of
the elastic region is defined as "E" and tangent modull of plastic regions are
defined as "E1" and "E2", respectively.

El
zor

-~

Table 3.

A ~—

Mechanical Properties of CAMPACT Foam
Longitudiral I[mpact FE Model

Property jalue

| A

Elastic Modulus,
Yield Strength
Tangent Moduius,
(at 4% strain)
Tangent Modulus,
(at 52% strain)

'lﬁ'-‘i""’

2.3 Lateral Impact

2.3.1 Analyses Performed

SwRI calculated =he dynamic response of a pallet when falling from <0
feet in a lateral orientation and impacting an unylelding surface. Dynamic
response of the agent cannister due to impact was assumed to consist of two
separate phenomenon: bending of the rockets and sgue=zing of the rockets and
tibe assemblies betwesn the lateral wooden supoorts. Strains and stresses
induced by these phenomena w~ere caiculated separately and superposed to obtain
the total strain or stirass in the igenrt cannister.

'
R

-

-5".-..:.

A two-dimensionai .3 FE model of the rocket, .aunching tube,
and lateral support and a z-r imensional model of the middle row of M55
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rock=2ts in the pallet assembly w~ere created to compute the s3queezing and
ternding results. Figures 4 and 5 {llustraze the princiral reatures zontairnad
in these finite element models.

The 2-D squeezing analysis (Figure 4) wias a3 calcuiat.on o7
static rasponse of the tupe, agent cannister and supporet
increasing lateral shear load. from this analyvsis, shez ne
rocket. . tube issembiy at the support could 2e assessed.
fiberglass maximum principal stress versus tne <otal shs 3
the aiuminum carnister strain versus -ota. 3near lcad
plots, one can see that when the ilberglass reaches 3 st 3
failure stress), strain in Ine alumirum agent cannister 3
fallure stress ard canniscer strain correspornd <O a4 TOota
approximately 25 kips. aithougn the 2-D analvsis was co
loads greater than ¢5 <ips, zhese results inc.ude tre st

riberglass i~d are not very meaningrful.

It is postuliated tnat at the 25 kips shear (oad leve. tha rizZerz.ass
failed compi2tely. Th2 strain in the aluminum at this lcaa . near.y 2%,
is presumed to step cnhange to a value greater than 4%, upon a. 2roTne
fibergiass. Herce, a simultaneous failure of the agent canr.st
fiberglass launching tube is presumed to occur. For this r=ason, 25 kios is
adopted as the cannister failure shear load 3t the supccr:.

U

-~
PN

—

The three-dimensional bencing model (Fizur2 35) Was rormu:at=2d ©0 give the
maximum 2ending strain and the maximum shear load in the rccket cannister., [t
was anticipated that sjueezing and berding components w~ou.d b2 supercosad to
2stimate rhe Zcotal strain state in the agent cannist=r. 3Sucerposition would
be perrormed at times When eitner the azent cannis dirg strain maxima or
the carnister squeezirg strain maxima occurrad. A at2d in the results
section, this superposition was not ultimateiy reg ecause the squeezing
strain component at tne lateral support, by itseif 1 the Tailuras
criteria.

3oth a welght check and an elgenvalue cneck were made :n <ne 3-J pallst
model. The purpose of these check runs was %o assure the .nv2astigators that
the model had the correct mass and stiffness propertiss. Tne weight of zhe
middle row of rocka2ts and lateral supports was calcu.at=d4 by ~arz to cze 147

lbs. Weight of the finite element model was '46 lbs. 3im:lir azreer
obtained between closed form ard numerical ca.culations o =.zenvi..
first bending mode of the rocketstube assemoly was calciiit~z =
similar mode was caiculated numerically as zZ4' Hz, <Closadl Jorm =ig2nv
calculations are contained in =~zccendix 3.

2.3.2 Model Deveiormen:

As previously mentioned, Figire 4 i...:3trates the 7237 . r:5 -7 wne
squeezing model used in the [i%2ral. .mpact xra./sis ke devaloced finite
2iement model consisted of approximately "0 Z-2 $lane stress 2lements naving
a thickness approximate.y Aqual T2 7ne 1atlari. 3uIport th.c«r-=ss

for .ateral squeezing of th2 agert canrister ard Jauncnin . Only ~ne
piare of symmetry exists, tne cliare ontaining The l3iTera. 2y 2 00 the
rocket. tube assembly. Thus, tne 2ntire o5zitm Ralt >f the roacket and tioe
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are represented in
50 that, witn minima.
oe used in the vertiza. crushi
the model tne 2nzire
lateral srhear loads i-dic
1S .oadec an2

3ounzary ccrndiTizns ic
casing and .: rc:iﬂg Tuse
addition, n» -ong Tne
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constraint
rocket and
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n . mbly are rep
no szg"‘ icant . catr ! s of rocxka2ts in pallet, lrnzeract.on
between rows .nder ral 7o ls neglected. The model accounts for
interaction : ! 4 mpred " the middle row 2y cornectinz
rock=t tube Tooi2 1TnoTrus ments reprasenting the grain-Zirescticn
tiffness a7 =n atera. . ien su res.
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7o odbtain rr ’ : JCE and agent
cannister cross I alo} i 23 Wers o ed by coupled sets
of team elaments, on S representing . one set
representing the rock . : int equations were : _' that required
trans.ations (in ime d1i i only) of rocke: ar e be identical.
These coupled beam oresented by a single _: '

Derivations of thre r ‘. are given in Appendix

Only nalf the lorngitudinal length of the pallet (s represented by the FE
modal. Symmetry has ceen assumed acout the pallet lateral centerplane; the
effects of asymme=rical respconse modes urder lateral impact are assumed to be
neg.izible at the agent cannister. Bourdary conditions it the rockets'
midpoints ar2 as snown in Figure 5, Launching tubes nad identical boundary
condizions at corresponding o . zlements representing the rock2:ts had
annular cross sections and den : which accounted for casing and Internal
Wweights s.uich as the cnemica. ager ~d sciid rocket fuel,

Finite Zlament Jnaract=ristics ind Material

The squeezirg ind oe~dirng material
problem w2re idert::
“he 3-D model tha=z =2
“he case of the lorzitudinal .m ‘ aium*rum
iere represented as elastic-zo. : Tar Todull
based upon faliure strains. Azau £ aluminum, he value used
renrasented ore-ra.lf 7 tne iniixi tensi 25t ZJata. Pertirent material
model irnput data are summar: .
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Fiberglass material data were developed from tn= tubg specification given
in the pallet assembly drawings and from Qwens-Corning Fidberglass Company data
found in reference 7. An average z1ass o r2sin rat:o of 35% was assumed. A
sufficient amount of this glass was assumed zo be in mat form to resuit (n
isotropy.
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Fiberglass is a brittle elastic material, i.e. re is a _inear
relation between stress and strain up until fail newe: material models
with uitimate strength cut-offs do not =xist | : w : icn of ADINA.
Hence, for the purposes 2f computation, an elastic-: v clastic material
model was used for the fiberglass launcnhing :cubes. llcwing calculartion of 3
solution, launching tube elements were marually cnec teicy
(failure). For the U0 fcot drop height, "plasticity" in the fiberzlass wis

.
e

TR l“f",-"".'_“, :

e

insignificant, occuring >nly over a small portion of th be lergth ard never
occurring through the complete wall thickress.

Wttt

-
x
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Mechanical propertizs used ror the .aunching tubes ire s.mmarizad celow.
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Tanle 6
Mechanical Propertiss of Fidberglass Launcning Tupes
ateral Impact fE Model

Property Jalus2

Slastic Modu.us, E .02 6 psi
Poisson's Ratio 0.0

7ieid Strength 2.'0 =27 psi
Tangant Modu.us, E° 0.0 psi

Axial or zrain-direction s:tifness of the wooden rocket supdorts was
estimated “rom an e=:fective cross sectional area for tne support. 2ecauss
supports have a "sca.iop=2d” share, =neir actual area varies a.cong the support
length. To simplify the modeiing of these members, an effective zeam width
was computed based on the oeam longitudinal area and lengia. (3e2 appendix
B.) Recause most of the stresses durirng lateral impact were expected to be
axial, tne beam element in this model was given isotropic material properties
identical o tre orthotropic grain properties. Yield sctrength was taken at
12% moisture content, conforming to seasoned wood (8], [9].

S

Pertinent characteristics of these elements are shown in the table below.

Table 7.

Mechanical Properties Wooden Latera. 3Supports
Lateral Impact Model

2ropert value
Zlastic Modulus, E. 1.353 E 0 opsi
°5:s550n's Ratio 0.239
7ield Strength 5700.0 D51
Tangent Modulus, E- 0.0 psi

2.4 Vertica. Impact

2.4.1 Analyses Performed

SwRI computed the resgorse of the paliet assembly when failing 40 reet
onto a unylelding surface, n i%3 normal, upright orientation. Dynamic
response of the agent cannister 3 impact was assumed to consist of two
independent phenomena: D2endin f -he rockets between .aterii supports, and
diametral crushing of the launcrning tuze ard rocket cross sectinns oy the
supports. Strains and stra2ss2s indiuced by these phenomera were computed
irdependent v and superpos=2d4 to octain the total strain or stress in the agent
cannister.
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Tre InUesTiZators Sre3tel tinita 2lement ldealizations To computa Lenilns
3ning rSSUlTS 4 Tal-2imensional, Diane stress medel oAl the rockern,
i.TIniT2 Tuze, and sullorT Intarrice, and 3 three-Iimensional model of one
ioTer 20 Tne faliet 13SIMILy WAre Q323 [0 ootain orusning and tencing
T Ses v v te < ain z tnese models. arnd
N n and oeam prozerty

3ming 3nalysis was 3 carotu-ation of the juasi-static resporse of
277 fannister, and wooIsn 3uprort uncer 3 meonotonically increas.nz
3 Trocmothese computatilans, 3 crushing Jorces-carnister strain

12 w33 Zeveloped. Initial cornditions ror th2 aynamic respens?

tr2 Tnree-Jdimensional 4 to the 4J toot drop

4173 Irom tnls model W nistori2ss in the rocxet

0 zending, ana the cru nistory at The rockat-

COrT cornnections.

i3ning Zcrce-carnnister strain characteristic was cotaineg firsc.
ata, 3 ronlirear elastic truss eiement ('"tne crushing sprirg") Was
r reflected © era

r e computed rocket/tute and lact L

$3. These truss elements became part of tne 3-D bending
n2 IZynamic response computed using the 3-3 model raflected
crushing 2rergy aossorption.

n supgport
N

~4213nT checd and an 2izenvalue check were made on the 3-D pallet
2imputing dyramic rasgonse.  The purpose of these calculations
2 Tne Investizators that che model had :tha correct mass and
coarties.  Tn2 w~2ignt of the guarter pal_et modeled was estimated
3 A w2 .gnt 57 220.4 los. was calculatsI from the FE model. Very
NI Wa3 3.50 criairel betweesn closed form znd numerical solutions
IR A irst cencing mole of the rocker tiube assembly was
o ze 3uws Hz A 3imliar rocket/tube bendirg mode was calculated
as 293 Hz Tigenvaliue calcuiations are shown In Appendix C.
Model Tevelzpmernt

ir The crusnirng Jorce-cannister strain charactaristic, a finice

_ 27 <he rockez, tuvne and support interface was created. Zecause
g2cmetrical symmetry exists about the verticai arnd horizon:tal

o>f this connection, only one-quarter of the tube and support

the init

be modeled. Figure 7 shows the principle features of
. Zeveloped. This idealizacicn consistad of aosout '00
2 COF at =ach node. The thickness of ¢ 2

I the wWoocen _ateral suppor:t.

3
3
QW

® Zo.rdary conditions 3t the edges of the lateral support member, ard tre
LN tas.ng, and launching tube centerplanes are indicated in Fizure 7 in
::3 w11.7.on, nodes along the agZent cannister-launching tube and Tube-support

:\i .7 Terraces are coupled in the radial directiorn. These constraints allicw

::: coro.mferentizl osilppage setwesn tn2 M55 and 1ts launching tuse as actually
,.:-_. IRPRE IR

0.

N 1z.re 3 shows the f237ures of the bending mode.. One-guarter of <he
'{:- TallToortainiang three Sooumrs 30 rockets and tubes are represent2d. The two
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rt teams, while the center column
beam elements. "Crusnirg spring
In order to account
iataral suppor:, 12
nt (see Fig
placement
he element

ne
o1l
s

i

Again, only na.? the longitudinal length of the ¢
the model. 3Symmeirv nas teen assumed apbout the paliet lateral
and the e of asymmetricai medes under vertical impact ire

v
small at igent cannister.

Finite Element Characteristics and Material Mode.s

The 3-D model developed for the pallet vertical impact proclem was ine
most complex of the palilet models constructed. This idealiization of ore-
quarter of the paliet consisted of over 100 team and truss elemenrts classiri=ad
into six different groups, =acnh Zroup having particular dimensiora:. or
constitutive features. In the followlng paragraphs, each group is discussed
in turn.

Laterai wooden suppcrts in the pallet were idealized as beams of unifo
Cross section ana nomcgerous, .Lsotropic material. Because lateral supports
nave a "scallop2d” shzpe 30 as to conform to the laurching tubes, their act
Cross sectional area varies alorng the support length. 7o simpiify the
modeling of these memcers while accounting for the rezions of increased 2ross
sectional area between "scallops". an effective beam ~idth was ccmputed zased
upon the actual seam longitudinal area and length (s-=2 Apperdix C). Because
most of the stra2ss was expected to be causad by suppert bending
grain direction, this ceam was 2iven isoZroplc material properti
corresponding £o tne grain direction srthotropic properties. 3
yield characteristics of woods are no: well understoca, it wWas

c2havior., Yield str
re contant (seasoned wood),
ratio was taken as the average of the radial-zrain and tangential-grai:
ratios.

rm

ua.

Pertinent characteristics of these elarents are summarized in the next
table.

Tabie 3.

Mechanica. Properties Wooden Lateral Suppor:s
Vertical Impact Model

Property Value

Elastic Modulus, = 1,353 E o
Poisson's Ratio .239
7ield Strenzcth 0
Tangzent Modulus, i~ )
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W _re wooden base ;
b rallat were assumed ' notnlv ‘ ra.n simor
& smpacts. Thus, l:ik lateral supo 3 !
o id=alized as isotrop:il, elastmic-perr=20Tly C.3A3TIO MATAriiLs ~ltN
¥ mecranical properti=s corr%s:or:Ahg 0 Tn2 2riS3-2rilt sncd TrTnotroo
.
"~ - ~ ~ . N
-~ Paramesers input J0r In2se Jinll2 212MANTS Ar2 Incan Lelo
Ny
- o .
- RESCET I
]
t Mecranical Frogertias Uor 2432 Itringer and Fuosing
-~ /Rrrica. Impact e Mozal
N L
“»
Y
. Zrcperty D
. Slastic Modulus, Eq DRl TR oS
"~ “ield Strarztn 310,90 oS
o Tangent Modulus, Ze 2.0 SEN
-
Cd

As in the case or :the longitudiral and -azara. i
~ casing matéf‘als ~ere corsidered to be isotroplz, 2:3s
with the [ollcding oroperties.

' Tanle 10,

N Mechanical Properties of AISI 103 3tee.
]% Yertical Impact TE Model
N

iy

N
k dregerty O
o Tlastic Modulus, E 3G.) = 7 o3
. Poisson's Ratio CL21)

.- Yield Strergtn 9.0 £ 3 T3t
- Targ=s~T Modu.us, £ 1.39 £ 2 os:
. AT | 9

. LAZL2 .

-

-‘.

Mechanical Propartias of H06°-T6 dluminum
vertica. [mpac:

@SS g N s

Property valus

F.astic Modulus, = ‘0,0 %8 ns:
Poisson's Ratio 7. 300
7ield Strergtn 3.3 £ 3 st
@ Tangent Modulius, £ 83.5 2 3  gsi
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433 MAaTer.ii. TiTi aer2
£ 3isseTb.y Iriwings and
erance n. AN avarige g
mo.nt Cf This 2.335 Wis
ibergliss 1s 1 critT.2
Ween stress ind strin
2rzoh 2uT-cfls 3dc roT 24
1073, 30 el1sTio-C
qunching uces R P
3 W2re MmAnuas.y InacR2d
=y "olasticloyt aoourraa
Cal prIp2rti2s 52 U0r Tne JILTONIng TLCRS3 :79 3UMmar.zod
TiDle -

13ita compuctad
he tozta.

2lement length a
3.03 inches and
Zisplacenm

Mechanica. I Juces
D2rty /alu=
Zlastic Modulus, E VL) E R st
folsscn's Fatio g,
fiel1 Strengtn 2.3 E 7
Tangsnt Molu.ius, £ 0.1 051
ITear 2ia 2 Truss 2lIment representir tne diametrar lr.shie
Trh2 CANNISTAr Ir233 s822Tion was develor-o Traom otne crosnie
.5.r2 ~he 2-0 mo:z=. Displacement 3z ¢, inIicated in 7.z
icp.led forze ~e2re tisulated Trom the 2-0 inaiyses hes
erted ntc an 23._valant 5Iress-strain charicteristic oy assum
nd ¢cross sectizrnal area of
! square incn, respsctively. Tizure 3 snows the force-
Zaza cbtained from tne £-D raesults. Th2 Zata point at i s
7200 _bs. correspords To Tailurs at Tne agent cannister, .2
rough the wa.l of tn2 Ccannister Appenaix C corzalns a tapbulation
tre disp.acemenz-maximum cannister strain results.

Latera. supports in the pai.et assembiy are separated oy lcngitudinal
y-or 4l

stringers, also rabricated from wood. LUnder vertically-
impacts, these _ongitudinal string2rs undergo compressio
“ood grain.

3a2cause cross-grain crushing of the lorzitudinil stringers

locai pheromeran, not occuring over a significant percentage of “he str
.ength, stringar stifress was modeled using single truss 2iements 02l
support beams in the finite element model. s 1 i

mode.s with isotropic mc
paramecers.
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's mater.al models were noniinear, 2iastic-perfectiv .13t
dill 27ual o the cross-grain ortrotropic
Data for these 2lements are summarized in Tr2 next tac.=2.
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4
- Mechanical Properties 27 Lonzitudiral
Yerticar Impact Fz Model
- Procerty Jaliue
v Zlistic Meduiius, Eo 0.064 E
N 7i2id Strenzin h 510.0
Tanzent Medulus, Z. 0.0
A !

Unger static loads, such as 2ravity, tne palil
s entirely by tne large oase strin:i2r and rubping strip
however, lnarcia loadings may ce surficlentliy high so
M ceams uncerzolng zending a.so contact the impact surfl
- change n poundary conditlions ordinarily calls rfor a
X specliiicz y icdapted o contact proolems. in SW
. : s

c m0t 2XIist. To adiress cthnis dif
A noni.n2ar =2lastic truss
t ri el

eiement with increasing sti
g.re 3, was inast

_ shown in rig allad at the midpoint of t
{ support displacements less than cr egual to the dista
" the impact surrace, this element's stiffness was very
5 displacemerts, the element’'s stiffness increased rapl
X contact witn the impact surface.
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N 3.0 Lgrzitudinal Im
o As mentionad prev.ou: Sl nsizered three impact s02rarios: ITLAlTS
:q caused Ty dr30s Trom Ll rogld, dnylelling surfaces, inl an
-; STmPact sIenaris tnat —ional mass ard =nerzy itsoroing
- marterials . Toam) o7 ition, The gossizolizy 9 Tallura of
p > the agent cannister 2¢amined.
]
;;‘ Flgures "C0-"2 summarize o L.%S or the lorngitudinzal unvi=lding
o surfrace impact analvses. ure the locations 31.073 =rz igen:
i cannister wner2 axial strain d373 ~ere taou.ated. rigur2 71 corntains Tnrea
: piots of the strain-time nistory Jor tne +0 foot impact. The Dlows sncw
. strains ac :he forwara, m;::Le. ard aft 2nd of the agent carnist2
’ Similarly, Figure '2 sncws o.0ts of the strain-time hiszory Jor = -
AN impact case. It cormsists 370 plots of the strain respons2 3t 2 19 K
,{: the agent cannister. -
1] T
5 N
5y For che +0 foot drop, che strains in Element 5 (topmost plot o Fizure -
- ©1) exceeded the agent cannister failure criterion by a good margin, eachxng
] 8% at .0035 seconds after impact. These nhigh strains occurred in the forward,
.. tapered region of the cannister. At points aft of the tapered region where
- cross—sectional areas are larger, lower 3trains were reccrded. At Eliements 11
;; and 15, maximum strains computed were 9.35% and 0.1%, respectively.
" Close 2xamination of these plots, particularly <~2 topmost plot of Figure
H “1, reveals f{lat regions in the strain-time nistory. These flat response
- regions are generally preceded by a rapid increase in strain and only occur
K- after material strains have exceeded 0.4% (yield strain).
>
v The rapid rise in strain before the flat regions signifies that <the

< appiied load is rising and that material yielding is ocurring; tne strain
) increases raplaly because the plastic stress-strain modulus is very low

5 compared o the elastic modulus. After the load begins Lo Zecrease, howsver;
;4 the material response can 1zain be elastic. If the applied load increases for

* a second =ime, the change in strain will be relatively smalil urtil the naw
;; yield point is exceeded. These flat spots in the strain response represent

- points in the strain time history where this elastic b=shavicor, telow a rﬂw;y

defined yield point, is occurring,.

o
’: An equivalent crush force for impact conditions was computad for this

e scenario by equating the pal.et's kinetic energy at impact to <the work
s necessary to deform the structure. For longitudinal impact, this equiva.ent
N crush force was 546.800 ibs. (s2e Appendix E). Note that faiiure of the

q rocket occurred in this impact scenario.

P4

- For zhe 30 foot impact anaiysis, strains at 6 points along the agent

g cannister were plotted (Figure '2). Again, as in the 40 foot impact case,

: strairs were greatest in tne rorward, tapered regions of the carnister and

. decreased at aft sections. Strains at 2ll sections were corsistently lower

{ than the 40 foot case, as expected. Maximum strain at the foremost cannister
"o section was less than 1.5%, indicating tnat yielding of the casing had

Ny occurred, but it was not sufficient to cause failure (yie.d in aluminrum begins
L~ a% approximately 9.4% strain). Maximum strains at aft sections were

s approximately 0.31%, 0.30%, 0.29%, and .285%, respectively. Strains at the

“
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:; 3.2 Lateral Impacts :
~, A
i Figures "5-°7 show The r2sults oormputed for tne _ateral impact
n scenario. Figure 5 11.usTratss In2 [0CATlons 3iong tre M55 rocker Where ~d
.:}: strain data from the -0 arialy3is n2re octalned {nese daza aprear i3 n2 B
O D.0ts Of Tizurs ‘B T.ements 33 tarouzh 43 represent the agent cannistar A
_:;: ragion of tha rock2%, witn 2l2ment <43 representing .7s f{orward taper=j .
,nj s2ction Figure "7 370ws “ne roc<2t tibe assemoly snear rors2-tim2 rnisior 4
\ Tor tre Yorwiard anc 30t s.ooort junctions =
The straln respors2-Time nistories plotted r.marily The -
result of rock2t bending cetwesn In2 supports. r-at the i
S . impact was not sufrficient T2 cause railure of «° ations awav ~
[ from the supcorst jLNCTions Tre maximum tendin ccurrad in o
v fiemenrt 33, 1ocut 2 mil_iseconis arter impact. =2 2%, or
- about on=2-haif the Tai.ure valie. At all other elame: cannistar :
tl region, 22ndinz strains were it all times less than '7% .
= g
. Squeezing of the rocket,tube assembly between the Laze2ra. supports .3 -
- juite severe in this loading scenario, however. Fizure 17 Z=picts tna -
® rocket ‘tube shear force at the support junctions indicated in Figure 15. The
- raximum shear force occurs around 2 milliseconds afcter Initial impac:t at <re X
. ar't latera. support junc=ion. This shear force momantarily exceeds 30 <ips -
_f: From the juasi-static sju=ezing ara.ysis, it was Jetermined that a ¢35 kip T
N shear force was suficient zo 2ause carnister failure, i.2., strains 2x22ecirg
';: of 4% (s22 3=2ction 2.3.7 . Hence, (it appears tnat Tiilure of the agsnt
( cannister (s lixke.y TS 2ecur Ziring iaterii impacts. o
N Agaln, oy 2juating tre 4ork necesszary to deform tne struct.re Lo the z
ﬁ‘ £inetic 2nerzy of the pa..2%, 3in 23judlva.ent crush force was comgpur22d Tor t-ois .
-j impact sc2nario Tnls 2quivaisnt Torce esualied 227,350 lbs. (see igperdix X
» Z) Nota thit n this 3cenaris, the missile tailed oy localized crushing cof -
/) ne agent carnister it the Lat2ral succor:s
& .
L. 3.3 J=2rtica. Impacss g
--.. .
:}: Figuires "2-20 show the computad results for o2 pallat asserbly K
b~ underzoinz a <0 oot drop onto a unyieilding surfzz2, Fizire "8 indica%t3s the -3
' 1porodimate jocaticns of the =2lements Tor which r231.ts ~2r2 piont24d
.,- Zlements 21 through 25 model tne 3gent cannister, ~ith Zlamern= 27 representing -
- the forward, tapered reg.on. Z.ement 27 has the gropertizs o7 tne rocka: ;
- motor casing. Figure '9 contains the piots of the strain-time nistories .
<. cbtained from the 3-D Tinite 2lement mcdel, and Figure 20 summariz2s ths R
,;: diame~ral crusning displacemencs.
[
."- 2 mode i resgense of toe M55 rock2ats during a verzical impact s in =
) cending, ane 1T 18 apgarent reom o Sigur2 3 that the magnitude of tne tendirg
S 3Trains ire ulte oW, Tnes2 low strains indicate that the impact ererzy was .
;:- 0% zeling arsorzed siznilicantiy oy rocket bending. (It was for this r2assn .
::: At the time (ntegration arnaiy3is ware stopped at 4.5 milliseconds) TesuLtS -
- rimothe 3.0 3n3lvsis show tni:t osigrificant strains and yie.ding occurrad
g, I.rin2 2ompression 2t the Tase 3trinZer rutbing strip and terding of the K
oW L0030 WSOd2N SUPLOrt3. Tlastioity ~Aa3 Coservad in botn the rubbing strip -
' $ =2 .31%2ril suoports.  The mawimur lisc.oacement of the woonden lateral s.pports .
‘AY 413 0338 Tnan tWo incres.  Tnls, it 2oss rot o appear That catastropnic rall.re ;
59 "r2 3uopoarts would ocour arter fer.acticns o0 this maznitude.  Furcher, .
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